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Introduction

As described fully in Ref. 1, an effort was begun in 1989 at the Penn State University
Gas Dynamics Laboratory to perform a critical review of the available hypersonic data and

to assemble a selected database for purposes of CFD code validation and turbulence

modeling. The effort was sponsored by the NASP Program through NASA-Ames Research

Center, and was a part of an overall task to develop compressible turbulence models. Ref.

1, a database report on hypersonic shock wave/turbulent boundary-layer interactions, was

the product of phase 1 of that effort. Phase 2 produced a similar database, reported in Ref.

2, covering the topics of attached hypersonic boundary layers in pressure gradients and

compressible turbulent mixing layers. The present report represents the result of the third

and final phase, namely, recent additions and corrections to the hypersonic shock wave/

turbulent boundary-layer interaction database originally given in Ref. 1.
The new datasets included here are those which have come to our attention since the

completion of Phase 1 of the database effort at the end of 1990, and which were able to

pass the acceptance criteria originally applied in Phase 1. Those criteria are listed by name

below, but the reader is directed to Ref. 1 for details of their application:

(NECESSARY CRITERIA)

1) BASELINE APPLICABILITY

2) SIMPLICITY

3) SPECIFIC APPLICABILITY

4) WELL-DEFINED EXPERIMENTAL BOUNDARY CONDITIONS
5) WELL-DEFINED EXPERIMENTAL ERROR BOUNDS

6) CONSISTENCY CRITERION

7) ADEQUATE DOCUMENTATION OF DATA
8) ADEQUATE SPATIAL RESOLUTION OF DATA

(DESIRABLE CRITERIA)

1) TURBULENCE DATA

2) REALISTIC TEST CONDITIONS

3) NON-INTRUSIVE INSTRUMENTATION

4) REDUNDANT MEASUREMENTS

5) FLOW STRUCTURE AND PHYSICS



Discussion of New Data

Ref.: 3-6

Author: Kussoy and Horstman
Geometry: 3-D Fin
Mach number: 8.2

Data: Pw.,, ,q,,._ ,cf, flowfield pitot surveys

Ref.: 7-9

Author: Rodi and Dolling

Geometry: 3-D Fin
Mach number: 4.9

Data: p,,_ q,,_ surface-flow traces

Ref.: 10-11

Author: Lee and Settles

Geometry: 3-D Fin

Mach number: 3, 4

Data: cA

Ref.: 12-13

Author: Hsu and Settles

Geometry: 3-D Fin
Mach number: 3, 4

Data: flowfield density maps

Ref.: 14

Author: Kussoy and Horstman

Geometry: Crossing Oblique Shock Waves
Mach number: 8.3

Data: Pw,a, q,,,a, flowfield pitot surveys
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Ref.: 15-17
Author: Garrison and Settles
Geometry: CrossingOblique ShockWaves
Mach number: 4
Data: Pw,,,,c_, flowfield pitot surveys

Ref.: 18-20

Author: Kuntz et aL

Geometry: 2-D Compression Comer
Mach number: 3

Data: Pw_, mean & fluctuating flowfield surveys (2-channel LDV)

The new data since 1991 can be characterized in 3 groups as follows: 1) Mach 8
single- and double-fin (crossing-shock) interactions, 2) more advanced measurements of

supersonic single- and double-fin interactions, and 3) more advanced measurements of a
supersonic 2-D compression corner.

The new Mach 8 data are the result of a concerted experimental program by Kussoy

and Horstman in the NASA-Ames Research Center 3.5-foot hypersonic wind tunnel (Refs.

3-6 and 14). These carefully-documented datasets fulfill several of the needs pointed out

in Ref. 1 and its companion technical paper (Ref. 21), including Mach number firmly within

the hypersonic regime, more-complex interaction types, and more emphasis on 3-D
interactions.

The new supersonic single-fin-interaction datasets are the results of research

programs at Penn State (Refs. 10-13) and the University of Texas-Austin (Refs. 7-9) aimed

at providing advanced data for code validation and turbulence modeling. They feature heat

transfer data to supplement the skin friction data already including in Ref. 1, and flowfield

density maps obtained non-intrusively by conical holographic interferometry.

The new supersonic double-fin or crossing-shock interaction data (Refs. 15, 16)

feature surface pressures, skin friction coefficients, and one plane of flow'field pitot-pressure
data for this important inlet-type interaction. Readers interested in this interaction should
also see Refs. 14 and 22-23.

Finally, the new 2-D compression corner data listed here (Refs. 18-20) were actually
available previously, and were included in the literature search of Ref. 1, but, due to an

oversight, were not subjected to an evaluation. That was unfortunate, since this dataset

provides valuable LDV data to supplement the mean-flow and hot-wire data previously
available for supersonic compression corners.

However, the availability of Mach 3 LDV compression corner data in Refs. 18-20

creates the following dilemma: The LDV magnitudes of Reynolds stresses in these

interactions are 2 to 4 times larger than the levels found using hot-wire anemometry by

Smits et al., Refs. 1 and 24) in a similar experiment. The LDV authors speculate (see

discussion just prior to Conclusions of Ref. 18) that this discrepancy is due to inherent errors



in slanted-hot-wire calibrations. However, it is not reasonable to discount the hot-wire data

on the basis of this speculation alone. Moreover, discussions with D. W. Kuntz concerning
the LDV dataset appear to confirm that the higher LDV values of Reynolds stress are not

simply due to shock unsteadiness, since pdf plots of the data do not reveal bimodal

distributions. Though the hot-wire and LDV experiments were conducted in different test

facilities varying in size by a factor of two, the test conditions were similar enough that the

discrepancy cannot be thus explained. Given such an unresolved discrepancy, we have

decided to retain both sets of data in the present database with the following warning:
Note: One or both of the Smits (Ref. 24) and Kuntz (Ref. 18) 2-D compre_ion

corner datasets is incorrect insofar as the levels of turbulent Reynolds stresses are
concerned. It is not presently possible to determine where the error lies. Thus both
experiments are included in the database in order to show possible limits on Reynolds
stresses in such interactions, or possible error levels in the experiments. Beyond that, there
is only the time-honored disclaimer, caveat emptor.

Discussion of Corrected Data

Ref.: 25, private communication
Author: Zheltovodov, A. A., et al

Geometry: 2-D Compression Corner
Mach number: 3

Data: Pw,_, Ch,mean and fluctuating flowfield surveys (pitot and hot-
wire anemometry)

Two small but significant errors were found in this dataset as it is presented in Ref.

1. First, although the step height h --- 15 mm, is correctly given for the mean-flow test

geometry shown on page 108 of Ref. 1, no value is given for h in the case of the heat

transfer model shown on the next page. In fact, h = 6 mm is the correct value for the heat
transfer model.

Second, in the tabulated data on page 119 of Ref. 1 and in the data file

ZHELT.DAT, a typographical error appears. In the heading:

The correct value of the incoming flat-plate heat transfer rate t_l should
be 180 W/m2K. This correction has been verified by e-mail correspondence with A. A.

Zheltovodov. The diskette accompanying the present report contains a corrected data file

designated ZHELT2.DAT.
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Ref.: 26
Author: Kim, K-S, et aI

Geometry: 3-D Fin
Mach number: 3, 4

Data: Pw.,,, cf, surface-flow angles

Based on a suggestion by D. J. Monson, the laser-skin-friction data reduction scheme

of Kim (Ref. 26) was re-examined by Garrison (Ref. 17). It was found that, in the ease of

high peak skin friction levels in swept interactions where few laser interference fringes were

available, Kim's approach led to a significant overestimate of the skin friction coefficient

(Ref. 27). Garrison then repeated experiments at the peak points of Kim's strongest single-
fin interaction (Mach 4, _ =20 degrees) and found lower skin friction values than those

originally found by Kim. Kim's original skin friction distribution for this case, as tabulated

in Ref. 1, is:

MACH 4, ALPHA = 20 DEGREES
BETA CF ERROR BAR

56.00 9.868E-4 2.774E-5
51.00 9.835E-4 4.131E-5

48.80 1.114E-3 4.380E-5

44.00 1.199E-3 4.645E-5

40.50 1.820E-3 8.979E-5

39.50 1.655E-3 3.913E-5

31.00 2.649E-3 9.820E-5

26.30 9.494E-3 6.718E-4

23.30 7.733E-3 5.920E-4

21.00 5.749E-3 4.377E-4

With Garrison's correction of the 8th and 9th data points in this table, the corrected skin
friction distribution is:

MACH 4, ALPHA = 20 DEGREES
BETA CF ERROR BAR

56.00 9.868E-4 2.774E-5

51.00 9.835E-4 4.131E-5

48.80 1.114E-3 4.380E-5
44.00 1.199E-3 4.645E-5

40.50 1.820E-3 8.979E-5

39.50 1.655E-3 3.913E-5

31.00 2.649E-3 9.820E-5

26.50 5.070E-3 5.000E-4

22.00 5.510E-3 5.000E-4
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21.00 5.749E-3 4.377E-4

A corrected data file with the name KIM2.DAT has been included on the diskette
accompanyingthe present report.

This error is an unfortunate one, since it changesthe conclusionsof Ref. 26. In fact,
the computational solutions described there are in much better agreement with the
corrected data than they were with the original, erroneous data. However, an examination
of this dataset indicates that such peak-skin-friction errors occurred only in the strongest

interaction (Mach 4, t_ --20 degrees), so that the results given in Refs. 1 and 26 and the
conclusions drawn in ref. 26 for the weaker interactions are still believed to be valid.

Ref.: 28, 29

Author: Smits, A. J., et al

Geometry: 2-D Compression Comer
Mach number: 3

Data: p,,.,, cf, mean & fluctuating flowfield surveys (pitot and hot-

wire anemometry)

Since the publication of Ref. 1, several computational groups have made use of the

mean-flow component of this dataset, which was tabulated and appeared in the ASCII file
named SETIZ,ES.DAT which was on the diskette included with Ref. 1. The dataset has "

thus had a rather thorough "workout," and several errors and problems were found as
follows.

To put the mean-flow dataset in perspective, note that it consists of 1970's-vintage

2-D compression corner data taken by Settles et al. This work was originally reported in
Refs. 30-33, which contain some discrepancies attributable to the original experimenters as
described below. It was also submitted as a test case for the 1980-81 AFOSR-HTI_-

Stanford Conference on Complex Turbulent Flows, whence Ref. 28 was prepared. Ref. 28
is still a complete and almost-up-to-date discussion and tabulation of the dataset, but this

reference is, by its nature, not widely available. Unfortunately, the later tabulation of the

same dataset for Ref. 29 involved re-reduction of the raw data by persons other than the

original experimenters, whereupon additional discrepancies occurred. An attempt is made
here to resolve these issues.

1) Tabulation of Freestream and Incoming-Flow Conditions

Ref. 1 contains no proper tabulation of freestream and incoming-flow conditions for

the four compression-corner cases included in the dataset. This information, from Ref. 28,

is now included in the present data file SE'IqZ.ES2.DAT and in the printed tabulation

reproduced in this report, along with a list of definitions of terms. It should be noted that

minor revisions of some of the incoming conditions, especially PINF values, have been made

on account of a re-examination of the dataset after Ref. 28 was prepared.
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2) Correction of Wall-Pressure Distributions
The manner in which the wall pressures were presented in Ref. 1 was inconsistent,

confusing, and erroneous in places. The revised distributions are presented in terms of

Pwall/PINF, with PINF tabulated nearby, and have been gone over carefully for errors.

3) Correction of Confusion Surrounding Skin-Friction Distributions
By far the worst problem with this dataset as presented in Ref. 1 concerns the skin

fi'iction distributions. The problem arose because the original experimenters chose to

present the skin friction coefficient in two different forms: wall shear stress normalizel:l by

p**u®_ CCFINF' in Ref. 1) and normalized by p,_,u_ 2 ("CF" in Ref. 1)_ In retrospect, the

former form is the proper skin friction coefficient, while the latter is confusing and

essentially worthless. This unfortunate situation has been cleared up in the present

tabulation and SETrLES2.DAT file by deleting the "CF' column and renaming the "CFINF'

column "CF," which is now unequivocally defined as the wall shear stress normalized by
po,uoo 2 •

To make mattersworse,earlypublicationssuchasRef.33,due toa misunderstanding

between experimentaland computationalauthors,compared properly-definedcomputcdskin

frictiondistributionswith the above improperly-definedexperimentalvalues.Thus Figs.3

and 9 ofRef. 33 show datapointswhich are significantlysmallerthan theyshouldbe. This
mistakewas laterdiscoveredand corrected,but the confusionfactorstillexistsinthe early

litcrature.Hopefully the presentreportwillclearup thisconfusion.

4) Mean Profile Corrections
A recheck of the mean flowfield profiles of this dataset uncovered some minor errors

and needed clarifications. These have been corrected and implemented in the present
SETI'LES2.DAT file.

Closure

The publication of this report brings to an end the effort by the Penn State Gas

Dynamics Lab, under NASA-Ames support, to establish a database for hypersonic boundary

layers, interacting flows, and compressible mixing. There remains only the necessity to
comment on the limitations of the present database for users of advanced turbulence
models.

In general, none of the experiments included in this database contains enough

information to properly specify the boundary conditions of any turbulent-flow computation.

Assumptions must always be made. As an example of a reasonable assumption, Horstman

(Ref. 34) carries out a finite-difference boundary-layer calculation for the test surface ahead

of a shock/boundary-layer interaction. At the point where the computed boundary-layer

displacement thickness matches that of the experiment, Horstman uses the computed

boundary-layer turbulence quantities as input conditions. A similar approach is adopted by
Morrison et al. (Ref. 35), who attempt to find a location where all three computed

boundary-layer thicknesses and the skin friction coefficient are within 15% of the

experimentally-determined values.

7



Both these approachesare reasonable,and similar schemesmay work as well, if it
is establishedthat the incoming turbulent boundary-layeris in equilibrium in the experiment.
However, in shockinteraction caseswhere theincoming boundary-layeris not in equilibrium
(of which there are none in the present database),much more documentation and detail of
the incoming boundarylayer would be required in the experiment in order to provide proper
information for a computational simulation.

References

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

Settles, G. S., and Dodson, L J., "Hypersonic Shock/Boundary-Layer Interaction
Database," NASA CR 177577, April 1991.

Settles, G. S., and Dodson, L. J., "Hypersonic Turbulent Boundary-Layer and Free

Shear Layer Database," NASA CR in press.
Kussoy, M. I., and Horstman, K. C., "Documentation of Two- and Three-Dimensional

Shock-Wave/Turbulent Boundary-Layer Interaction Flows at Mach 8.2," NASA TM

103838, May 1991.

Kussoy, M. I., and Horstman, K. C., 'Three-Dimensional Shock-Wave/Turbulent

Boundary-Layer Interactions," AIAA Journal, Vol. 31, Jan. 1993, pp. 8-9.

Kussoy, M. I., Kim, K-S., and Horstman, K. C., "An Experimental Study of a Three-

Dimensional Shock-Wave/Turbulent Boundary-Layer Interaction at Hypersonic Mach
Number," AIAA Paper 91-1761, June 1991.

Knight, D.D., Horstman, C. C., and Monson, D. J., 'The Hypersonic Shock-
Wave/Turbulent Boundary-Layer Interaction Generated by a Sharp Fin at Mach 8.2,"

A/AA Paper 92-0747, Jan. 1992.

Rodi, P.E., Dolling, D.S. and Knight, D.D., "An Experimental/Computational Study
of Heat Transfer in Sharp Fin Induced Turbulent Interactions at Mach 5," AIAA

Paper 91-1764, June 1991.

Rodi, P.E. and Dolling, D.S., "An Experimental/Computational Study of Sharp Fin
Induced Shock Wave/Turbulent Boundary Layer Interactions at Mach 5:

Experimental Results," AIAA Paper 92-0749, January 1992.

Rodi, P.E., "An Experimental/Computational Study of Heat Transfer in Sharp Fin

Induced Shock Wave/Turbulent Boundary Layer Interactions at Low Hypersonic

Mach Numbers," Ph.D. Dissertation, Department of Aerospace Engineering and
Engineering Mechanics, The University of Texas at Austin, December 1991.

Lee, Y., Settles, G. S., and Horstman, C. C., "Heat Transfer Measurements and CFD

Comparison of Swept Shock Wave/Boundary-Layer Interactions," AIAA Paper 92-

3665, July 1992, (to be published in AIAA Journal).
Lee, Y., "Heat Transfer Measurements in Swept Shock Wave/Turbulent Boundary-

Layer Interactions," Ph.D. Dissertation, Department of Mechanical Engineering, Penn
State University, June 1992.

Hsu, J. C., and Settles, G. S., "Holographic Flowfield Density Measurements in Swept

Shock-Wave/Turbulent Boundary-Layer Interactions," AIAA Paper 92-0746, Jan.
1992.



13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

Hsu, J. C., "Holographic Flowfield Density Measurements in Swept Shock-

Wave/Turbulent Boundary-Layer Interactions," Ph.D. Dissertation, Department of
Mechanical Engineering, Penn State University, pending.

Kussoy, M. I., and Horstman, K. C., "Intersecting Shock-Wave/Turbulent Boundary-

Layer Interactions at math 8.3,"NASA TM 103909, February 1992.

Garrison, T. J., Settles, G. S., Narayanswami, N., and Knight, D. D., "Structure of

Crossing Shock-Wave/Turbulent Boundary-Layer Interactions," MAA Paper 92-

3670, July 1992, (to be published in AIAA Journal).

Garrison, T. J., Ph.D. Dissertation, Department of Mechanical Engineering, Penn

State University, pending.

Garrison, T. J., and Settles, G. S., "Laser Interferometer Measurements of Crossing-

Shock Wave/Turbulent Boundary-Layer Interactions," AIAA Paper 93-3072, July
1993.

Kuntz, D.W., Amatucci, V.A. and Addy, A.L., 'Turbulent Boundary-Layer Properties

Downstream of the Shock-Wave/Boundary-Layer Interaction," AIAA Journal, Vol.

25, 1987, pp. 668-675.

Kuntz, D.W., Amatucci, V.A. and Addy, A.L., "An Experimental Study of the

Shock-Wave-Turbulent Boundary-Layer Interaction," Proc. Intl. Symposium on Laser

Anemometry, ASME FED Vol. 33, ed. A. Dybbs and P. A. Pfund, 1985, pp. 173-178.

Kuntz, D.W., "An Experimental Investigation of the Shock-Wave-Turbulent

Boundary-Layer Interaction," Ph.D. Thesis, Dept. of Mechanical and Industrial

Engineering, Univ. of Illinois at Urbana-Champagne, 1985.

Settles, G. S., and Dodson, L. J., "Hypersonic Shock/Boundary-Layer Interaction

Database," AIAA Paper 91-1763, June 1991, (to published in AIAA 3"oumal ).

Garrison, T. J., and Settles, G. S., "Interaction Strength and Model Geometry Effects
on the Structure of Crossing Shock-Wave/Turbulent Boundary-Layer Interactions,"

AIAA Paper 93-0780, Jan. 1993.

Garrison, T. J., and Settles, G. S., "Flowfield Visualization of Crossing Shock-

Wave/Boundary Layer Interactions," AIAA Paper 92-0750, Jan. 1992.

Smits, A.J. and Muck, K.C., "Experimental Study of Three Shock Wave/Turbulent

Boundary Layer Interactions," Journal of Fluid Mechanics, Vol. 182, Sept. 1987, pp.
291-314.

Zheltovodov, A.A., Zaylichny, E.G., Trofimov, V.M. and Yakovlev, V.N.,

"Investigation of Heat Transfer and Turbulence in Supersonic Separation," Russian

ITPM Preprint 22-87, 1987.

Kim, K-S, Lee, Y., Alvi, F. S., and Settles, G. S., "Skin-Friction Measurements and

Computational Comparison of Swept Shock/Boundary-Layer Interactions," A/HA

Journal, Vol. 29, October 1991, pp. 1643-1650.
Garrison, T. J., private communication, 1992.

Settles, G.S., Gilbert, R.B. and Bogdonoff, S.M., "Data Compilation For Shock

Wave/Turbulent Boundary Layer Interaction Experiments On Two-Dimensional

Compression Corners," Princeton University Report I489-MAE, Princeton Univ., 1980.

9



29)

30)

31)

32)

33)

34)
35)

Fernholz, H.H., Finley, P.J., Dussauge, J.P. and Smits, A.J., "A Survey of

Measurements and Measuring Techniques in Rapidly Distorted Compressible
Turbulent Boundary Layers," AGARDograph 315, 1989.

Settles, G. S., Fitzpatrick, T. J. and Bogdonoff, S. M., "Detailed Study of Attached

and Separated Compression Corner Flowfields in High Reynolds Number Supersonic

Flow," AIAA Journal, Vol. 17, No. 6, June 1979, pp. 579.

Settles, G. S., Vas, I. E. and Bogdonoff, S. M., "Details of a Shock-Separated
Turbulent Boundary Layer at a Compression Corner,"A/AA JoumaI, Vol. 14, No. 12,

December 1976, pp. 1709-1715.

Settles, G. S., "An Experimental Study of Compressible Turbulent Boundary Layer

Separation at High Reynolds Numbers," Ph.D. Dissertation, Aerospace and

Mechanical Sciences Dept., Princeton University, Sept. 1975.

Horstman, C. C., Settles, G. S., Vas, I. E., Bogdonoff S. M., Hung, C. M., "Reynolds
Number Effects on Shock-Wave Turbulent Boundary-Layer Interactions,'_l/AA

Journal, Vol. 15, August 1977, pp. 1152-1158.

Horstman, C. C., private communication, April 26, 1993.
Morrison, J. H., Gatski, T. B., Sommer, T, P., Zhang, H. S., and So, R. M. C.,

"Evaluation of Near-Wall Turbulent Closure Model in Predicting Compressible

Ramp Flows," Paper presented at the International Conference on Near-Wall

Turbulent Flows, Tempe, AZ, March 15-17, 1993.

10



Appendix: Data Tabulation

There follows a tabulation of pertinent data from the new and corrected datasets
which make up the hypersonic shock/boundary-layer interaction database. For each dataset,
a brief discussion of the data is given for the benefit of users. However, users axe strongly
encouraged to consult the original references for more detail on what was measured and
how it was accomplished. Similarly, no attempt has been made to tabulate all available data
from each of these studies, but rather only those data most pertinent to the issues of
turbulence modeling and code validation. In several cases, additional data may be had from
the original publications. Moreover, of the data selected for inclusion, only initial profiles

and samples are printed in this report, since brevity is required and paper tabulations are
no longer of much use when machine-readable data axe readily available. A 3.5" double-
sided high-density diskette is also provided in original copies of this report. This disk
contains the complete data-tables of this Appendix in machine-readable ASCII files,
formatted for MS-DOS computers. Individual ASCII files are given for each of the datasets,
with filenames keyed to first authors as follows:

New Dataset_:
GARRISON.DAT

HSU.DAT

KUNTZ.DAT

KUSSOY3.DAT (single-fin)

KUSSOY4.DAT (crossing-shocks)
LEE.DAT

RODI.DAT

Corrected Datasets:
SETI'LES2.DAT
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Ref.: 15-17
Author: Garrison and Settles
Geometry: CrossingOblique ShockWaves
Mach number: 3 and 4
Data: P,,_H,cf, flowfield pitot surveys

The experimentswere carried out usinga double-fin testgeometrymounted on a flat
plate in the supersonicwind tunnel facility of the Penn State Gas Dynamics Laboratory.
The fiat-plate boundary-layers at Mach 3 and 4 are the same as those previously
documented in Ref. I(KIM.DAT). These are equilibrium turbulent boundary-layers

developing naturally on a flat-plate at high Reynolds number, and are essentially adiabatic.

Opposing fins produced oblique shocks of opposite families, which intersected along
the centerline of the flat plate. All test geometries were symmetric about this centerline.

Fin angles-of-attack of 7x7, 9x9, llxll, and 13x13 degrees were tested at Mach 3 and 4. A

15x15 degree case was also tested at Mach 4.
All data are described by a right-handed Cartesian x,y,z coordinate system. The

origin of coordinates is on the centerline of the fiat plate at the location of the fin leading-
edges, ie 21.3 cm downstream of the fiat-plate leading-edge. The x and z coordinates lie in

the plane of the flat plate when y = 0, and in planes parallel to but above it for y > 0. The

z coordinate is positive in the downstream direction, while the x coordinate is positive to the

right of the plate centerline when viewed from the downstream direction. The z and x-
locations of points within a given interaction are normalized by a reference "incoming"

boundary-layer thickness, which is taken as 60 = 3.5 mm for all test conditions.
The data file GARRISON.DAT contains tabulations of measured wall static

pressures, skin friction distributions, and a single pitot-survey plane in these interactions.
The wall static pressures were measured only on the centerlines of the symmetric
interactions studied. Skin friction data, obtained by way of a laser-based technique (Ref.

17) were measured both on the centerline and on certain spanwise "cuts" at specific

streamwise locations denoted by z/60 values cited in the data file. The flowfield pitot survey

data were obtained in a single x-y plane located at z/6 o = 32.33 in the Mach 4, 15x15 deg
interaction. While the fiowfield features in this plane are discussed in Refs. 15, 22, and 23,

the procedure of these flowfield surveys has not yet been described elsewhere in print.
Interested readers should consult Ref. 16 when it becomes available.
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Ref.: 12-13

Author: Hsu and Settles

Geometry: 3-D Fin
Mach number: 3, 4

Data: flowfield density maps

The experiments were carried out using a single sharp unswept fin mounted at angle-
of-attack on a flat plate in the supersonic wind tunnel facility of the Penn State Gas

Dynamics Laboratory. The flat-plate boundary-layers at Mach 3 and 4 are the same as

those previously documented in Ref. 1 (KIM.DAT). These are equilibrium turbulent
boundary-layers developing naturally on a flat plate at high Reynolds number, and are

essentially adiabatic.
The swept, single-fin shock/boundary-layer interaction was studied by way of conical

holographic interferometry, wherein the holographic test beam was focused at or near the
virtual origin of the quasiconical swept interaction. The light rays then coincided with the
rays of the interaction, rendering the interaction two-dimensional insofar as the quasiconical
approximation is valid. Users of these data who are unfamiliar with this approach should

first consult the cited references and Alvi and Settles, AA,4 Journal, Vol. 30, Sept. 1992, pp.
2252-2258.

Holographic interferograms obtained as described above and in the cited references

were reduced to provide flowfield density data, assuming that each interaction was a two-

dimensional flow in the angular coordinates/3 and 4) defined in the diagram below. _ is the
azimuthal coordinate measured from the freestream direction, and is positive in the
direction illustrated. 4) is the elevation coordinate measured from the plane of the flat plate,
and is also positive in the direction illustrated. Both f3 and _ have vertices at the virtual

conical origin (VCO) of the interaction, which is located on the flat plate ahead of the fin
leading edge, along a line extrapolated from the inviscid shock angle, /3o. The distance from
the fin leading edge to the VCO for the three interactions studied here were: 48+6 mm
for the Mach 3, a = 10 ° case, 33+3 mm for the Mach 3, t_ = 16 ° case, and 21+3 mm for
the Mach 4, ot = 20 ° case.

a

[ z

The data file HSU.DAT contains

preliminary information and density data files for
each of these 3 interactions. The extensive

flowfield density data are given in columnar form,

the number of _ columns ranging from 18 to 36

and the number of 6 rows ranging from 58 to
100, depending on the overall angular extent of

the interaction in question. At each flowfield

location defined by a rid, pair, the measured
static density is given along with its normalization

by the freestream static density.
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Author: Kuntz, D. W., et al

Geometry: 2-D Compression Comer

Mach Number: 3

Data: Pwall, mean & fluctuating flowfield surveys (two channel

Laser Doppler Velocimetry)

===========================================: : : : : :_

Kuntz, D. W., Amatucci, V. A., and Addy, A. L., "An Experimental Study of the Shock Wave-

Turbulent Boundary Layer Interaction," Presented at the Winter Annual Meeting of the American

Society of Mechanical Engineers, Miami Beach, Florida, November 17-22, 1985, and published in

the International Symposium on Laser Anemometry, FED-Vol. 33, ed. A. Dybbs and P. A. Pfund,

pp. 173-178.

Kuntz, D. W., Amatucci, V. A., and Addy, A. L., '*Furbulent Boundary-Layer Properties

Downstream of the Shock-Wave/Boundary-Layer Interaction," A/AA Journal, Vol. 25, No. 5,

pp. 668-675, May, 1987.

Kuntz, D. W., "An Experimental Investigation of the Shock Wave-Turbulent Boundary Layer

Interaction," Ph.D. Thesis, Dept. of Mechanical and Industrial Engineering, Univ. of Illinois at

Urbana-Champaign, Urbana, Illinois, 1985.

Experiments were conducted in a supersonic wind tunnel with a 10.2 x 10.2 cm test section.

The models were two-dimensional compression comers which spanned the test section.

Experiments were conducted with comer angles of 8, 12, 16, 20, and 24 ° .

The freestream Mach number, determined from surface pressure measurements, was

approximately 2.94, and the stagnation pressure was maintained at approximately 483 kPa (70

psia) for all data points.

The primary measurement tool used in this investigation was a two-color laser Doppler

velocimeter system. This system was used to obtain two-component mean velocity and turbulent

property measurements in both the upstream and redeveloping downstream boundary layers

within the flowfields. In addition to the LDV measurements, surface static pressure

measurements, surface streak pattern measurements, and high-speed Schlieren photographs were
also taken.

Measurements made in the wind tunnel in the absence of the compression comer models

indicated that the undisturbed turbulent boundary layer had a thickness of 8.27 mm

(u e = 0.99 uoo), a displacement thickness of 3.11 mm and a momentum thickness of 0.57 mm.

The tabular data includes the surface static pressure distribution, the LDV data from a single

traverse made upstream of the interaction, and the LDV data from the traverses made downstream

of the interaction. Each traverse made downstream of the interaction includes data taken at a

single point above the shock wave. The coordinate systems used are presented in the

accompanying figure, and the definitions of the quantities listed are included in the accompanying
table. The reader is referred to the AIAA Journal article cited above for a detailed discussion of

the corrections applied to the LDV data, the errors associated with the LDV data, and estimates of

the measurement accuracies.
17



Definitionsof theTabularLDV Data

Variable
Name

Description Definition No_

Longitudinal Position mm See Figure

Y

Vt

Vertical Position

Total Velocity

mm

m/s

See Figure

_/(V0) 2 + (Vl) 2

them Flow Angle deg See Figure

V0 Average Velocity, Ch 0 m/s See Figure

V1 Average Velocity, Ch 1 m]s See Figure

var0

varl

s01

Variance, Ch 0

Variance, Ch 1

Reynolds Stress Term

m2/s 2

m2/s 2

m2/s 2

(v0 - V0) 2

n

n-1

_(vl -Vl) 2
n

n-1

(v0 - v0) (v 1 - V l)

2

3

sO01 Triple Product m3ts 3 (v0-V0)2 (vl -V1)

silO Triple Product m3/s 3 (v0-V0) (vl-VI) 2

s000 Triple Product m3/s 3 (v0-V0) 3

sill

sk0

Triple Product

Skewness, Ch 0

m3/s 3 (vl -V1) 3

(sOOO)/ (_)3

18



Variable
Name

Description _ _ Note

ski

ku0

kul

Skewness, Ch 1 (s 111) / (4¢_-_i) 3

Flatness, Ch 0 [ (s0000) / (,fv-_-6) 4] - 3.0 4

E (sl111)/(._-_) 4] _ 3.0Flatness, Chl

Notes:

2

3

4

V denotes average velocity, v denotes instantaneous velocity. Upstream of the

compression comer, Channel 0 is parallel to the tunnel floor and Channel 1 is

perpendicular to the tunnel floor. Downstream of the compression comer,

Channel 0 is parallel to the ramp surface, and Channel 1 is perpendicular to the

ramp surface.

The variance is the square of the standard deviation. The turbulence intensity

would be found by taking the square root of the variance and dividing by the

appropriate reference quantity (such as a reference velocity or a local velocity).

The overbar denotes a simple average of the instantaneous measurements.

The quantity s0000 was calculated in a similar manner as s000.

_Flow Angle

Ch. l_,jf .__ CornerAngle

Ch" 1 _1° w Angle

.o t

I

Coordinate System

19



M-inf - 2.94

_0 - 483 kPa30 de 8 C
delta-O 8.27 u_

Sep_.ration Location - -1.63*delta-O
&eattachment Locmtlon 0.52*delta-0 (mear_red parallel to the rmep aurface)

]4e_ Surface Static ?r_a_ur_ DLatributi_m

x (_) plp-Lnf

-71. L?, 1.000
-66.04 0.992
-60.96 0.986
-55.88 0.996
-50.80 0.996
-48.26 0.998
-45.72 0.995
-43.18 O. 992
- 40.64 O. 999
-38.10 1.00_
-35.56 0.999
-33.02 1.009
-30.48 0.994
-27.96 1.007
-25.40 O. 991
-22.86 O. 992
-20.32 1.000
-17.78 1.042
-15.24 1.168
-12.70 1.529
-10.16 1.677

-7.62 1.817
-5.08 1.899
-2.54 1.970

0.36 2.060
2.39 2.192
4.77 2. 356
7.16 2. 562
9.55 2. 692
11.93 2.792
14,32 2.951
16.71 2.995
19.09 3.096
21.48 3.185
23.87 3.225
26.26 3.277
28.64 3.352

NOTE: DUE TO SPACE

LIMITATIONS, ONLY THE 20 ° DATA

ARE TABULATED HERE. SEE

DISKETTE FILE KUNTZ.DAT FOR

COMPLETE TABULATIONS FOR

ALL FIVE COMPRESSION

CORNERS.

31.03 3.392
33.42 3.437
35.80 3.468
38.19 3.496
40.58 3.487
42.96 3.480

Laser Doppler Velocimeter Data

Basic data. x - -20.0 mm.

y Vt theta VO

15.00 629.83 90.02 629.83
14.00 631.15 89.97 631.15
13.00 631.04 90.01 631.04
12.00 631.18 89.97 631.18
II.00 630.37 89.98 630.37
10.00 628.97 89.97 628.97

9.50 628.92 90.02 628.92
9.00 625.96 90.05 625.96
8.50 624.47 90.02 624.47
8.00 623.16 90.05 623.16
7.50 621.40 89.94 621.40
7.00 616.24 89.99 616.24
6.50 609.41 89.90 60_.60
6.00 601.19 90.03 601.19
5.50 588.01 89.96 588.01
5.00 580,70 90.00 580.70
4.50 569.92 90.08 569.92
4.90 555.81 90.12 555.81
3.50 544.79 90,25 544.78
3.00 528.84 90.21 528.84
2,50 510.50 90.21 510.50
2.25 502.73 90,28 502.73
2.00 490.31 90.28 490.30
1.75 482.27 90.39 482.26
1,50 468.59 90.35 468.59

Vl varO varl sO1

-0,24 123.974 67.884 -22.16
0.31 82,210 74.888 1.03

-0.06 83.261 66.507 -i0.52
0.28 82.380 63.546 -6.84
0.25 91.020 64.016 -3.13
0.38 144.848 64.641 -14._2
-0.18 139.109 93.333 11.20
-0.54 179.863 89.770 10.54
-0.23 224.517 94.184 -0.82
-0.55 268.612 109.647 -12.23
0.65 279.304 128.847 -31.07
0.14 330.528 130.878 -18.25
1.02 501.894 148.948 -I02.43

-0.27 592.226 181.281 -67.81
0.39 798.860 191.253 -120.55
0.04 931.395 195.745 -163.73
-0.80 945.322 235.213 -159.33
-1.20 1274.509 236.399 -211.54
-2.38 1255.189 245.164 -219.28
-1.96 L530.370 278.494 -270.16
-i.86 1616.059 239.195 -228.87
-2.46 1738.444 252.180 -283.66
-2.41 1962.803 235.178 -_24.92
-3.29 1865.482 237.170 -291.96
-2.83 1853.864 225.861 -283.13

Eigher order m_nt data, z - -20.0 _m.

y sO01 illO _000 all/ _kO 'a,l k'uO lual

15.00 2.0235E+02 -9.353TE+01 -2.29678+03 6.88598+01 -1.66398+00 1.2311E-01 5,4483E+00 4.27458-01
14.00 -5.05438+02 -3.66058+02 -I.08318+03 -2.92698+02 -1.45318+00 -4.51631103 8.0608E+00 2.1114E+00
13.00 1,57158+02 - 4. 01768+01 -i. 13678+03 7. 30308+01 -1.49618+00 1.34658-01 8.9324Z+00 2.70368-01
12.00 2.32538+01 3.88918+01 -7.4730E+02 4.57618+01 -9.99458-01 9.033_-02 5.91228+00 3.42058-01
11.00 -2.30828+02 -2.2224_+01 -l.f_80E+03 -3.42948+01 -1.85178+00 -6.695_E-02 9.21738+00 4.2441_-01
10,00 1.71188+02 -2.1015E+01 -3.37508+03 -1.62168+01 -1.9360_+00 -3.12028-02 7.734ZE+00 1.98838-01
9.50 -1.2724E+03 -1.69798+03 -3.2023E+03 -1.4625Z+03 -1.95188+00 -1.622ne_0 7.66958_0 1.21678+01
9. O0 -9. 82478+02 -9. 49488+02 -t. _037_4-03 -8.4440Z+02 -1. 82563+00 -9.927_-01 5.69038+00 6.45858+00
8.50 -8.20998+02 -1.179484_D3 -6.38288+03 -6.74998+02 -1.8973]_+00 -7.3847]g-01 5.64518+00 5.$3078+00
8.00 -6.2678[+02 -I.78818+03 -5.4699E+03 -6.2733_+02 -1.24258+00 -5.46398-01 2.0279E+00 7.03658+00
7.50 -6.05948+02 -2.36528+03 -6.92278+03 -1.57428+03 -1.4831_+00 -i.076_+00 3.34188+00 7.26338+00
7,00 -1.54!58+03 -2.56458+03 -7.9463E+03 -i.1649g+03 -I._2248+00 -7.78048-01 2.99_98+00 5.58228+00
6.50 i.65678+03 -2. 21578+03 -1.2144g+04 -4.184_E+02 -l.OeOOE+O0 -2.301_-01 1. 31518+00 3.90668+00

2O



6.00 -7.5540E+O1 o3.6699E+O3 -I.1941E+04 -2.8558E+O3 -8.2853E-01 -i.O881E+OO 5.5174E-01 7.2079E+O0
5.50 1.5719E+03 -3.3634E+O3 -1.6858E_O4 -7.7005E+02 -7.4863E-01 -2.9114E-01 5.9426E-01 2.8110][+O0
5.O0 1.7549E+O3 -2.5210E+03 -i. 5825E+O4 -1.6705E+O2 -5.5672E-01 -6.0995E-O2 9.4438]_-03 2.1575E_00
4.50 6.9012E+02 -3.8577E+O3 -1.5033E+O4 -9.2446E4_2 -5.1723E-01 -2.56271[-01 3.4463E-01 2.5078E_¢0
4.00 -6.O964E+02 -2.174TE+O3 -1.8942E+O4 4.4923E+02 -4.1631E-01 1.2359E-01 1.1514][-01 1.3522E+00
3.50 1.O611/+03 -2.O295E+03 -1,6_78E+04 3.85771[+02 -3.7056E-01 1.0049E-01 6.4045E-02 I.O624E+00
3.OO 1.1746E+03 -2.0313E+03 -1.3114E+04 -6.7744E+00 -2.1905E-01 -1.457f_-03 -2.6129E-01 2.1297E+00
2.50 8.3028E+02 -5.5184E+01 -7.5547E+03 9.3189E+00 -1.1629F,-01 2.5191E-03 -1.563OE-01 1.0117][+00
2.25 I. 6478E+03 -5.1679E+O2 -1.3447£+04 -6.5488E+02 -1.8552E-01 -1.6353E--01 -2, 4052][-01 1.3350_+00
2.00 2. 3778E+03 -5.0284E+02 -1.1720E+04 1.4881E+O2 -1.3477E-01 4.1262][-02 -2.9848E-01 3.8375E-01
1.75 1.6490E_03 -I.0535E+03 1.9196E+03 -2.3046E+02 2. 3825E-02 -6.3098E-02 -2.1967E-01 1.1391E+00
1.50 2.3348E+03 -1.3341E+O3 -9.4191E+03 1.1719E+03 -I.18OOE-01 3.4524E-01 -1.9256E-01 3.1097E+00

R-sAc data, x - 15.0 _.

y vt theta VO Vl

25.00 626.64 110.04 588.69 -214.76
_.5.O0 590.13 103.08 574.82 -133.58
14.50 584.99 I01._ 572.86 -i18.42
14.00 579.89 100.38 570.40 -104.46
13.50 573.35
13. O0 562.01
12.50 534.57
12.00 523.41
11.50 457.37
11.00 419.16
10.50 389.49
10.00 384.97
9.50 354.50
9.00 331.57
8.50 291.62
8.00 231.80
7.75 217. ii
7.50 207.78
7.25 201.24
7.00 179.28

vsrO varl sOl

119.488 83.653 -40.67
138.698 1179. 915 -41.62
143.080 1220.481 -85.82
$4_5.403 1524.398 -351.28

99.45 565.58 -94.17 702.691 1821.974 -6._7.51
98.48 555.86 42.87 1556.716 2070.953 -1091.02
97.12 550.45 -66.26 4221.431 2317.852 -2184.88
97.25 519.22 -86.07 5794.362 2657.328 -2_6.59
94.88 455.72 - 38.88 9134. 602 2521. 922 -3574.67
93.82 418.32 -26.43 10370.281 2475. 441 -3922.39
93.14 388.91 -21.33 11';22.217 2797.428 -4310.29
93.54 364.28 -22.54 12994. 065 2594.220 -4163.35
94.25 353.52 -26.30 II880. 019 2700.931 -4253.63
94.79 330.41 -27.71 12764.326 2801. S_) -4324.87
93.95 290.93 -20.10 14428.071 3244.977 -4959.70
93.48 231.37 -14.05 11345.315 2965. 999 -4142.82
93.14 216.79 -11.87 10872.860 3098.062 -4195.36
92.54 207.55 -9.22 10031.171 2955.841 -31W_. 81
92.78 201. O1 -9.76 9021. 621 2923. 591 -3668.41
91.23 179.24 -3.88 7698.342 2660.897 -3053.32

Bigher order moment data, z = 15.0 ,,m.

7 s001 *110 s000 s111 skO skl ku0 Iml

25. O0 3. 8656_+02 -2.3409E+02 -7. 6392E+02 1.4086E+O2 -9.0240E-01 1.8413E-01 2.9275E+00 1.1219E-01
15.00 -2.6332E+02 -5.4143E+03 -2.3439E+03 -1.3941E+04 -1.4349g+00 -3.4398E-01 7.8909E+00 1.5692Z-01
14.50 -5.3550E+02 -3.5511E+03 -1.9059E+03 -1.7901E+04 -1.I136E+00 -4.1986E-01 4.1317][+00 2.5554E-01
14.00 2.9727E+O4 -2.7298E+04 -3.3843E+04 -5.9964E+03 -5.2474E+O0 -1.0075_--01 4.7258E+O1 1.7821E+00
13.50 7. 0572E+04 -5. 4221[+04 -9. 3617E+O4 1.1285K+04 -5.0258E+00 I. 451OE-01 3.5415E+01 1.8272E+00
13.00 1.1299E+05 -6.2639E+04 -2.0633E+O5 6.5404E+02 -3.3593E+00 6.9399][-03 1.4209E+01 9.2126E-01
12.50 2.3912E+05 -9.7709E+04 -6.1925E+05 5.4779E+03 -2.2577E+00 4.9089E-02 5._12E+O0 7.863_-01
12.00 3. 6912E+05 -1.3696E+05 -9.8090E+05 8.2362E+03 -2.2239E+00 6.01251[-02 5. 4016E+00 8.2041E*01
11.50 2.2738E+05 -7.2436E+04 -8.1353E+05 6.2758E+03 -9.3185E-01 4.9553E-02 3.0818E-01 9.23571-01
ii. OO 2.1316E+05 -9. 3639][+04 -8. 0677E+05 5. 4406E+04 -7. 6395F,-01 4.4174E-01 2.4558E-01 5.4_81E-01
10.50 2.0007E+05 -9.9943E+04 -7.9622E+05 7.0847E+O4 -6.4377E-01 4.7883E-01 -3.8348E-02 5.280_-01
I0.00 1.5987E+05 -7.4827E+04 -I.0101E+06 6.2538E+O4 -6.8196E-01 4.7350E-01 1.890OE-01 4.3730Z-01

9.50 1.6260E+05 -8.1249E+04 -5.2072E+05 5.743_E+04 -4.7937E-01 4.0918E-01 -3.0599R-01 5.7710E-01
9.00 1.5333E+05 -6.8085E+04 -6.9643E+05 7.3656E+04 -4.8291E-01 4.9671E-01 -3.0711_01 4.57221-01
8.50 3.7100E+04 -4.4120E+04 -3.7369E+05 5.6335E+04 -2.1562E-01 3.0476E-01 -6.8503E-01 2.5830[-02

8.00 - 1. 2781E+O5 2. 4610E+04 3. 8752E+05 1.4066E+04 3.2068E-01 8.6208E-02 -4. 7752E-01 -1. 77681-01
7.75 -1.8393E+05 5.8723E+04 4.6173E+05 -4.9383E+03 4.0726E-01 -2.8638E-02 -3.3945_-01 -I.9150E-01
7.50 -1.9670E+05 6.7295E+04 4.4413E+05 -8.504_+03 4.4206E-01 -5.2921E-02 -2.1879E-01 -2.7334E-O1
7.25 -1.9_42£+05 7.3813E+04 4.9625E+05 -1.7954E+O4 5.7912E-01 -1.1357E-01 -5.5344E-02 -2.93671[-01
7.00 -I 6831E+05 7.2865E+04 3._035E+O5 -2.4550E+04 5.8311E-01 -1.7866E-01 1.236OE-01 -2.1235E-01

Basic d_ts, x - 20.0 ram.

y vt r.heta VO V1

30.00 625.05 110.03 587.25 -214.08
17.50 582.26 i00,97 571.61 -ii0.81
17.00 579.03
16.50 576.45
16. O0 571.51
15.50 566.68
15. O0 560.39
14.50 546.04
14.00 526.37
13.50 516.33
12.50 440.56
12.00 410.01
11.50 393.82
11.00 378.32
10.50 335.24
10. O0 308.70

9.75 263.09
9.50 244.09
9.25 238.82
9.00 222.19
8.75 209.10

varO v_rl sOl

136.945 126.725 -77.50
119.179 1047. 679 -84.41

99.93 570.36 -99.82 118.294 1259.272 -135.87
99.82 568.01 - 98.29 189. 085 1855. 030 -130.32
97.78 566.25 -77.36 159. 283 1544. 215 -190.19
97,12 562.32 -70.22 558.570 1451.525 -432.08
97.06 556.14 -68.84 979.371 1923.282 -775.45
96.17 542.86 -58.68 2660.936 2009.862 -1433.50
95.67 523.79 -52.03 5104.213 2545.022 -2422.73
95.35 514.08 -_8.15 4362.667 1901.0_5 -1910.74
93.86 439.56 -29.67 9047.953 1922.597 -2681.29
94.05 408.99 -29.00 10769.297 2177.956 -3260.18
94.54 392.69 -29.80 9239. 213 2075. 566 -2929.18
94.12 377.54 -27.20 8944. 463 2288. 416 -3042.51
93.23 334.71 - 18.90 11318.126 2961.173 -4106.47
92.79 308.34 -15.04 11402.291 3121.934 -4045.75
92.83 262.77 -13.00 10810.626 5038.149 -3913.95
91.86 243.96 -7.92 10332.898 2927.825 -3753.18
91.89 238.69 -7.87 9913.989 3076.881 -3762.51
91.21 222.14 -4.71 8949.622 2750.721 -3424.42
90.03 209. I0 -0.12 7419. 993 2305. 558 -2680.20

Higher order mummer data. z - 20.0 ram.

y s0Ol sll0 sO00 _III ekO skl EuO Eul

30.00 1.9534E+03 -1.8259E+03 -2.5761E+03 1.7093E+O3 -1.6074E+OO 1.1982E+00 6.0317E+OO 5.5374E+O0
17.50 -9. 8253£+02 -7. 9655Z+02 - 1. 5069E+03 -3.1(MI_+04 -I. 1582E+O0 -9.1674E-01 4. 870_E+00 9.2906E-01
17.00 -7.4653E+02 4.9095E+02 3.5741E+01 -4.4977E+O4 2.7779E-02 -I.0065E+00 2.8440E+00 1.21011+O0
16.50 -4. 3219£+O2 -2.2999E+03 -2. 6020E+O3 -7.1754E+04 -I.O007E+O0 -8.9809E-01 5. 3332E+OO 4.55491[-01
16.O0 2.1981E+03 -2.53481+03 -2.0406E+03 -6.7117E+04 -1.0151E+00 -1.I06_00 2.82LIE+O0 2.2282E+O0
15.50 3.8359E+04 -2.8690Z+04 -5.7306E+04 -2.79_4E+04 -4.3409E+00 -5.0522E-01 2.9728E+O1 3.0239E+00
15. O0 8.0443E+O4 -4. 6852][+04 -1. 2359E+05 -4.1LI7E4¢4 -4.0325E+00 -4.87_-01 2.1020E+01 2.2281E+00
14.50 1.7635E+05 -7.4081E+04 -3.9775E+05 -2.6500E_04 -2.9978E+00 -2.941_-01 9.0649E+00 1.8{}28][+00
14.O0 3. 4152E+05 -1.5396E+O5 -8.9468E+05 7.3953E+03 -2. 4534E+O0 5.7599E-02 6. 3587E+00 1.9725E+00
13.50 1.6840E+05 -5.7302E+04 -4.8785E+05 -1.2573E+04 -1.69_0E+00 -1.5169E-01 2.7021E+OO 1.7742£+00

12.50 2.0158E+05 -8.0167E+04 -8.5224E+05 3.2897E+O4 -9.9023E-01 3.9023E-01 7.8096][-01 1.8299E+00
12.00 1.7734E+05 -6.8434E+04 -7.0653E+05 3.474_E+O4 -6.3396E-01 3.4181E-01 -2.8664E-01 8.0596E-01
11.50 1.3043E+O5 -6.9456E+04 -6.0370E+05 4.677_+04 -6.7978E-01 4,9427E-01 1.9807K-01 5.424me-01
11. O0 i. 5922E+05 -8. 6111E+04 -6. 0859_+05 6.282_+O4 -7.1943E-01 5.7_15E-O1 6.69_OE-01 7.9861_-01
10.50 1.5846E+05 -9.8766E+04 -5.3539E+05 8.5750_+04 -4.4464E-01 5.3215E-01 -3.2_03E-01 3.4728E-01
i0.00 6. 5949E+04 -6.7144E_4 -2. 9542_+05 9.2451E+04 -2. _263E-01 5.300_-01 -6.2171][-01 4.7395][-01
9.75 -5. 5026E+04 -1.2227_+04 2.3742][+05 3.3472E+04 2.1122E-01 1.998_-01 -5.570_-01 -1.512_--01
9.50 -I.1349E+05 3.4203E+04 2.9971E+05 -1.4262E+02 2.85_E-01 -9.0025E-04 -4.3791E-01 -2.3955"][o01
9.25 -1.4336E+05 4.9116E+04 4.0197E+05 2.7771_+03 4.0721E-01 1.6271E-02 -4.0499E-01 -2.6189E--O2
9.O0 -1. 5916E+05 6.7628E+04 4.0545E+05 -1.7_OAE+04 4.7888F,-01 -I. 2064E-01 -2. _24E-01 -9.9814][-02
8.75 -i. 4929E+O5 8.1233E+O4 3.5037E+05 -3.9535E+04 5.4018E-01 -3.5712E-01 -9.5127E-02 1.473_E-O1

21



_aslc date. x - 25.0 .m.

y Vt there VO 111

30.00 626.37 110.03 588.48 -214".53
21.00 582.87 102.00 570.12 -L21.23
20. O0 570.86 98.36 564.79 -83.02
19.50 569.84 97.80 564.57 -77.36
19.00 568.04 97.67 562.95 -75.83
18.50 568.34 97.34 563.66 -72.64
18.00 563.44 96.28 560.06 -61.64
17.50 559.09 95,54 556.48 -53.96

varO _rl 801

116.729 112.293 -61.55
155.986 1425.719 -150.71
122,455 1089. 978 -183.06
123.037 1127. 853 -184. L5
116.420 1092.864 -122.31
127.254 1297.951 -194.44
313,597 1293.1162 -246.48
636.543 1129. 822 -479.81

17.00 553.18
16.50 542.42
16.00 533.09
15.50 494.33
15.00 466.01
14.50 425.81
14.00 395.42
13.50 370.51
13.00 349.15
12.50 327.70
12.00 287.47
11.50 262.50
11.25 256.57
LI.O0 243.29
10.75 242.05
i0.50 242.77

95. $4 550.78 -51.44 1232. 820 1755. 841 -843.1/
94.90 540.44 -46.34 2954. 674 2145.133 -1632.37
94.43 531.49 -41.20 3425.742 1713.136 -1468.81
92.88 493.71 -24.85 6781. 567 1857. 436 -23.72.
92.80 465.46 -22.73. !_55.245 11597,946 -2654.63
91.99 425.3,6 -14.75 11422. 480 2308. 966 -3.540.95
91.44 395.30 -9.93 10095. 002 2461. 667 -3628.77
90,98 370.45 -6.55 10252.772 2483.062 -3.573.02
90.94 3.49.10 -5.73. 10481. 388 2760. 578 -5859.3.9
90.66 3.27.68 -3..79 9921.290 2886.565 -3720.75
91.72 287,3.4 -8,64 9915. 507 2609. 335 -3.329.53
90.60 262.49 -2.74 8279.528 2605.469 -5027.36
90.98 256.53 -4.41 8133. • 522 2522 • 247 -2978 • 68
;50.19 243.28 -0.81 7449.190 23.47.077 -26L?.. 77
90.94 242.02 -3..97 6912.3.55 2183.. 193 -2368.04
90.98 242.74 -4.16 6219.900 2128. 734 -2177.42

Eisher order mm_t data, x - 25.0 -,,.

y eO01 a110 tO00 8111 8kO *kl _0 k_l

3.0.O0 1. 08488+03 -9.00018+02 -1. 45158+03 8. 76678+02 -I. 1509E+00 7.3.69(X-01 3..85148+00 2.61823+00
21.00 -1.0_168+03 -5.68068+01 -2.8102E+03. -3.23.788+04 -1.44258+00 -6.0145_--01 8.95978+00 -5.91098-02
20.00 -I.0516E+03 4.76048+03 1.9878E_02 -3..91938+04 1,46698-01 -1.08918+00 3.28638-01 9.27338-01
19.50 -2. 53508+02 4.19058+03 -i. 1/698+03. -5.202_+04 -8.18408-01 -1.3.7368+00 5.01098+00 2.6Oe48+00
19.00 -4.92118+02 7.3.0928+01 -I.O1668+03 -5.2026Z+04 -8.09278-01 -1.440(Z+00 4.67248+00 3..26648+00
18.50 -8.44318+02 7.1117[+03 -1.77721+02 -6.7371[+04 -1.23808-01 -I.44078+00 1.9550Z+00 2.9015][+00
18.00 1.17728+04 -5.3.387[+03. -2.2419][+04 -5.94498+04 -4.03.708+00 -1.27741+00 3. 31748+01 4.13.721+00
17.50 4.9437[+04 -3..1479E+04 -7.3126][+04 -3.66558+04 -4.55348+00 -7.558TE-0i 2.9177Z+01 4.8896Z+00
17.00 8,5165][+04 -4.1205E+04 -1.5214][+05 -3.61038+04 -3.51478+00 -4.907n_-01 1.4415][+01 2.9889][+00
16.50 2.32248+05 -I.02218+05 -5.29418+05 -2.02848+04 -3..2963.][+00 -2.041_-01 1.21818+01 2.863.81+00
16. O0 I. 8708[+05 -6.93.808+04 -5. 35348+05 -2. 0070[+04 -2. 6699£+00 -2.8305][-01 7.9896[+O0 2.99468+O0
15.50 2,4055][+05 -I.01978+05 -8.953.98+05 4.4802E+04 -1.603.3.][+00 5.59661-01 2.4774][+00 1,97268+OO
15.00 2.5415][+05 -1.02538+05 -I.023.7[+_ 3.,78228+04 -1.2080][+O0 4.57438-01 1.1223.][+00 1.4455][+O0
14.50 1.9004][+O5 -7.29118+04 -8.3.2078_O5 3.43928+04 -6.81588-01 3.O9988-01 -4.19598-01 1.07998+O0
14.00 1.15368+05 *7.5146E+04 -3..69148+05 5.06098+06 -3.6394][-01 4.1437[-01 -5. 8653][-01 5.17588-01
13.50 6. 8860][+04 -6.6587[+04 -2.51438+05 6.03828+04 -2.42198-01 4.880_E-01 -6.86288-01 3.153.4][-01
13.00 4.1469][+O4 -4.33.60[+04 -1.65568+05 4.91908+04 -1.5429][-01 3.39148-01 -7.3.506][-01 3.3.524[-01
12.50 - 3,89538+04 -I. 43918+04 8.8186E+03 4.3.795][+04 8. 92398-03 2.82418-01 -6.45408-01 5.4739E-03
12.00 -1.O579][+O5 1.3224[+04 3..3.166E+05 1.6363][+04 3..3590][-01 1.22778-01 -5.6003.E-01 6.3620[-02
11.50 -1. 4079][+05 5.1260[+04 3.9152E+05 -1.3.699][+O4 5.1970][-01 -1.050(X-01 -2.3951[-01 6._978-02
11.25 -1.3313][+05 5.04418+04 4.0582][+05 -1.6867[+04 5.5325][-01 -1. 33.158-01 -1.32918-01 -1.8215][-01
11.00 -1.2533E+05 5.16588+04 3..66428+05 -1.78058+04 5.7303.E-01 -1.56588-01 5.19808-03 -6.7729][-02
10.75 -1.34588+O5 6.77418+04 3..63168+05 -2.91088+04 6.3191[-01 -2.853.58-01 1.75968-01 2.5671£-01

10.50 -1.3023.E+05 7.01308+O4 3.23.38£+05 -3.73018+04 6.5923][-01 -3.54518-01 4.3.812][-01 2.78168-01

Basic dmta. x - 30.0 _.

7 Vt there VO VI

35.00 624.48 109.98 586.90 -213.34
24.00 579.99 101.54 568.27 -116.02
23.00 571.95 99.36 564.3.4 -92.99
22.00 567.87 98.11 562.18 -80.16
21.00 562.10 96.01 559.01 -58.85
20.50 559.95 95.53 557.35 -53..92
20.00 558.72 95.60 556.06 -54.49

v&rO _rl $01

129.288 125.705 -69.78
143.351 1552.255 -172.52
130.643 1521.529 -189.30
129.090 1504.931 -166.66
125.275 928.417 -164.27
160.173 985.826 -144.43
244.115 1306.696 -233..B2

19.50 557.56
19.00 551.23
18.50 542.59
18.00 496.65
17.50 478.02
17.00 454.17
16.50 422.31
16.00 375.68
15.50 365.44
15.00 358.30
14.50 335.83
14.00 319.01
13.50 302.71
13.25 280.01
13.00 264.63
12.75 255.88
12.50 2.%4.14

96.46 554.02 -62.69 784.258 2502.344 -689.92
96.49 547.70 -62.30 1904.883 3403.986 -1418.14
94.88 540,63. -46.14 1999.413 2489.660 -1275.58
92.19 496.28 -18.95 7133.O23 2451.691 -2877.18
92.21 477.67 -18.41 8306.979 2661.572 -3Ll4.20
91.57 454.00 -12.43 10484.967 2334.930 -3267.19
91.09 422.23 4.01 10159.162 2457.900 -3625.82
88.85 3.75.61 7,53 9991.463 "2650.711 -3580.15
89.56 365.43 2.78 10246.301 2732.756 -3765.09
90.07 358.30 -0.43 9307.491 2465.418 -3.368.33
89.96 335.83 0.25 9540.713. 2579.665 -3416.04
89.96 319.01 0.22 8714.416 2658.002 -3243,98
89.60 302.70 2.10 7788.780 2472.115 -2764.58
90.97 279.97 -4.76 7707.948 2328.527 -2477.17
90.31 264.62 -1.44 6633.139 2307.003 -2270.97
89.94 255.88 0.26 6430.853 2051.967 -2044.61
90.49 254.14 -2.19 6046.3.20 1999.3.90 -1909.44

Higher order _t data, z - 30.0 .v..

y mOOl 8110 8000 mlll |k0 _LI kuO ku/

35. OO 9. 7269E+O2 -7.1704E+02 -1. 34658+03 6. 7097[+02 -9.1592][-01 4. 7607[-01 2. 3876Z+00 7.1204][-01
24.OO -8.7636][+02 4.96491+02 -1.71221+O3 -4.5565][+O4 -9.9758][-01 -7.45058-O1 5. 4955][+00 5.45458-02
23.00 -1.66128+O3 6.2221[+03 -5.8093[+02 -7.3270[+04 -3.89048-01 -1.23.47[+00 3..66258+O0 1.06738+00
22.00 -1.8449][+O3 9.OO398+03 -9.7353][+02 -9.8014][+04 -6.63.76][-01 -1.67898+00 4.25678+00 2.6620[+00
21. O0 -5. 98588+O2 8. 0793E+03 -4.1297[+01 -5. 66818+04 -2. 94528-02 -2.0037[+00 2.29621+00 5.86068+00
20.50 -5. 92738+02 5.1969E+03 -2. 39218+03 -5. 71648+04 -I. 18018+00 -I. 84681+00 7. 3663][+00 6.12938+00
20.00 1.5680E+03 6.9594Z+03 -6.51368+03 -7.77808+04 -I.7070[+00 -1.64678+00 8.50128+O0 4.3.4158+00
19.50 6.2473£+04 -3.27938+04 -8.8890][+04 -i.1277[+05 -4.0473.][+00 -9.00928-01 2.26621+01 1.3627[+OO
19.O0 1.88568+05 -9.29398+O4 -3.30208+05 -8.0955][+04 -3.9717[+00 -4.0763][-01 1.923.3E+O1 7.7420[-01 "
18.50 i. 12538+05 -4.49558+04 -2.4063£+05 -9.2263][+04 -2.6915E+00 -7.4270@-01 7.9906][+00 2.2924£+OO
18.OO 3.3004E+05 -I.17838+05 -9.8986E+05 5.78068+03 -1.64311+00 4.76188-02 2.51158+00 1.9143[+O0
17.50 2.56158+05 -7.0844£+04 -9.33.44[+05 -3.5639][+04 -1.23298+00 -2.59558-01 9.3274][-O1 1.5553.][+00
17.00 2.3.120E+O5 -7.71478+04 -9.9893.E+O5 1.27858+04 -9.30448-01 1.13321-01 -7.13571-02 1.3159E+00
16.50 1,1995][+05 -4.06238+04 -4.7857[+05 1.0497[+04 -4.673.65-01 8.614_-02 -7.].9428-01 7.06958-O1
16,00 3.05218+04 -5.20548+04 -1.6_528+05 5.090U+04 -1.6_74N-01 3..730_E-01 -7.45568-01 1.53.37[-01
15.50 2.21238+04 -4.60018+04 -9.23148+04 4.7953][+04 -8.90058-02 3.3567_-01 -7.95428-01 6.0550[-02
15.00 -5.1464][+O3 -1.7339][+04 -4.2407][+04 2.916_+04 -4.722TE-02 2.3821[-01 -7.93921-01 7.3480_-02
14.50 -6.8719][+04 1.0784][+O4 1.01028+0_ 1.63158+04 1.0e4OE-01 1.24521-O1 -8.0221Y.-01 -2.21488-01
14.00 -7.8654][+O4 1.6350[+04 1.5907_+05 1.4025K+04 1.95548-01 1.02548-O1 -8.85298-01 -2.03098-01
13.50 -9.023.18+O4 3.2244][+04 1.94708+05 -3..96618+03 2.83258-01 -3.22678-O2 -4.97038-01 -1.509_-01
13.25 -1.34548+05 4.9733E+04 3.60981+05 -1.44548+04 5.33438-01 -1.2864_-01 -2.36248-01 -1. 33028-02
13.00 -1.4196][+05 6.0094][+04 3._0468+05 -I.95648+04 6.91278-01 -1.76568-01 1.32978-01 1.3265][-01
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12.75 -1.2296E+O5 6.35146+04 3.22426+05 -3.0446E+O4 6.25196-01 -3.27556-01 2.2083E-01 1.19146-01
12.50 -9.89296+04 5.74396+04 2.9082E+05 -3.349OE+O4 6.18586-01 -3.746OE-O1 1.47646-01 1.81686-01

Basic data, x - 35.0 -,-.

y Vt theta VO V1 varO varl sol

35.00 624.59 110.05 586.74 -214.13 104.275 122.313 -46.92
27. OO 570.76 99.95 562.18 -98.63 130.849 1713. 864 -230.35
26. O0 566.15 98.46 560.00 -83.25 142. 465 1475.569 -195.48
25.00 564.98 97.84 559.70 -77.05 152.145 1774.390 -207.68
24. OO 559.96 96.39 556. _ -62.34 126. 394 1716. 906 -188.26
23. OO 557.41 95.49 554.85 -53.36 152.616 1281. 892 *179.61
22.50 554.63 94.79 552.70 -46.29 235.107 1315. 710 -211.62
22.00 550.83 94.96 548.76 -47.66 969.095 2147.524 -686.17
21.50 549.09 94.52 547.39 -43.25 1160.417 2213.936 -800.86
21. O0 543.60 94.13 542.19 -39.11 1849.980 2326. 756 -1151.68
20.50 533.19 94.00 531.89 o37.18 3342.092 3113.914 o2057.17
20.00 514.75 92.37 514.31 -21.25 4210.062 1899.129 -1825.15
19.50 498.74 92.06 498.41 -17.96 5564.182 1828. 731 -1997.69
19. O0 467.22 91.61 467.03 -13.16 7993.19]) 2346. 696 -2800.77
18.50 442.71 90.48 442.69 -3.73 9992.555 2261.464 -3178.73
18. OO 413.25 90.64 413.23 -4.61 8873. 327 2409.175 -3257.43
17.50 387.03 89.86 387.02 2.30 9124.133 2426. 867 - 3296.79
17.O0 372.22 89.43 372.20
16.50 362.23 89.98 362.23
16.00 337.21 89.13 337.17
15.50 325.46 89.15 325.42
15.25 318.00 89.08 317._
15.OO 310.95 88.99 310.91
14.75 305.06 89.11 305.02
14.50 297.82 88.72 297.75
14.25 294.82 88.78 294.75

3.73 8740.143 2489. 362 -3251.64
0.14 8462. 497 2501. 807 -3142.15
5.12 7849. 018 2313. 630 -2861.06
6.85 6912.124 2459.199 -2657.15
5.12 6655. 475 2286.293 -2330.65
5.49 6398.124 2134. 903 -2232.57
4.72 5943. 905 2119. 469 -2087.01
6.65 5708. 782 2081. 372 -1905.93
6.30 5694.945 1858.643 -i_)O. 62

B/gher order mament datJ, x - 35.0 -,-.

• sO01 ell0 s000 sill 840 8kl kuO Ira1

35.00 5.55446+02 -4.78686+02 -8. 48886+02 3.81906+02 -7.97326-01 2.82526-01 1.70_E+00 2.6051E-01
27.00 -1.66416+03 5.99716+03 1. 42946+02 -6.65376+04 9.54966-02 -9.377TE-01 2.32706+00 3.97_-01
26.00 -2.6085E+03 8.02586+03 -5.30786+02 -7.605_+04 -3.12146-01 -1.341_+O0 5.0774E+00 I.$0556+O0
25. O0 -2. 3016£+03 7.9948E+03 9.832]E+02 -1.08096+05 5.23926-01 -1.44616+00 5.02276+_ 1.243(X+00
24. O0 -1. 61546+03 1.0259[+04 2.31716+02 -1.21886+05 i. 63076-01 -1.71236+00 2.90076+00 2.57926+00
23.00 -8.41296+02 7.7841E+03 -1.24436+03 -7.71266+04 -6.59086-01 -1.680_+00 4.62626+00 3.71_+00
22.50 7.7657E+03 -2.22306+03 -8.23816+03 -8.54586+04 -2.2852E+00 -1.79076+OO 2.01836+O1 6.416_E_¢O
22.00 7.1235E+04 -2.46406+04 -1.47926+05 -9.77246+04 -4.90336+00 -9.81976*01 3.27996+01 2.53_+00
21.50 8.8429E+O4 -3.59746+04 -1.69416+05 -1.0515g+05 -4.2856g+00 -1.00946+00 2.4575E+01 2.938_+00
21.00 1.37376+05 -4.6353E+04 -2.85986+O5 -9.678TE+04 -3.59406_O0 -8.61256-01 1.60916+01 2.46036+00
20.50 2.6478E+05 -1.10296+05 -5.38006+05 -7.14116+04 -2.78456+00 -4.105_-01 8.09871[+00 1._+O0
20.00 1.98836+05 -7.866OE+04 -5.7311[+05 -2.9476v+03 -2.08806+00 -3.561_-02 4.87956+00 3.0_346_00
19.50 1.96516+05 -7.59466+04 -6.65166+05 5.935_+03 -1.5940Z+00 7.59026-02 2.24966+00 2.50176+O0
19.00 1.8106E+O5 -4.06356+04 -6.85926+O5 -3.6030[+04 -9.59836-01 -3.16546-01 l.a41n-01 1.744_+00
18.50 1.26226+05 -3.I0556+O4 -6.3640E+05 -3.62246+02 -6.33LIE-01 -3.36836-03 -6.52276-01 1.1_?6400
18. O0 5. 04346+04 -2. 85906+04 -2. 45906+05 7.88556+03 -2. 9419F,-01 6. 66856-02 -7. _E-01 7.57916*01
17.50 4.36236+04 -4.98426+04 -1.31766+05 4.29696+04 -I.5L186-01 3.59416-O1 -8.22966-01 1.20836-02
17.00 -7.85616+05 -2.48566+04 *2.49316+04 4.34336_34 -3.05126-02 3.4970_-01 -8.22406-01 1.24516-01
16.50 -1.47746+0_ -1.47806+04 -2.54316+0& 2.80996+O4 -3.26676-02 2.24556-01 -6.40846-01 5.272_-02

16.00 -1. 0476E+O5 3.51766+04 1.96406+O5 -3.02026+03 2.82436-O1 -2.39656*02 -6.37726-01 4.87696-02
15.50 -9. 92126+04 3.55336+04 2.0_056+05 -3.85446+02 3.63776-O1 -3.1606_-03 -4.09366-01 -1.67226-01
15.25 -1.10356+05 _.66966+0_ 1.9052E+O5 -4.22966+03 3.50896-0] -3.86906-02 -3.89986-01 -1.55726-02
15. O0 -1. 18646+05 6.34506_O4 2.0_986+O5 -1.73036+04 4.0854E-01 -1.75416-01 -2.61876-01 1.89476-01
14.75 -1.0816E+05 6.08156+04 1.95996+05 -1.92056+04 4.27706-01 -1.9_IE-01 -1.39256-01 3.1196][-01
1¢.50 -1.0545E+05 5.51776+04 1.82436+05 -2.04186+04 4.22946-01 -2.15036-01 6.42366-02 4.33026-01
14.25 -8.7247E+0_ 5.5625E+04 1.52976÷05 -2. 66846+04 3.55946-01 -3.33016-01 -1.1583£-01 4.22536-01

_i.SiC (_ta 1 • m 40.0 _,

7 Vt theta _0 Vl varO v_rl s01

40,00 619.79 109.82 583. i0 -210.10 160. 320 182.309 -104.23
29. OO 560.67 97.67 555.65 -74.82 139.489 I806,798 -284.33
28. O0 561.47 98.31 555.58 -81.14 254. 355 2700. 398 - 398.
27.00 554.82 95.19 552.55 -50,23 118.039 929.978 -138.67
26. O0 556.79 95.56 554.17 -53.90 162.366 1626.057 -278.28
25. O0 553.98 94.66 552.15 -45.03 181,133 1539. 031 -239.81
24.50 551.96 94.29 550.42 -41.29 229.265 1288.827 -237.17
24.00 549.03 94.80 547.10 -45.99 878.172 2446.083 -818.25
23.50 544.12 94.65 542.33 -44.14 1880.232 2976.443 -1356.45
23. O0 533.08 93.62 532.02 -33.67 3695. 716 2723. 742 -1743.19
22.50 526.06 93.80 524.91 -34.82 4116.333 3&65.0_8 -2464.43
22.00 512.90 91.84 512.64 -16.50 4196.119 1606.409 -1712.48
21.50 505.23 91.70 505.01 -15.01 4246.289 1381.263 -1491.23
21.00 478.59 91.32 476.46 -Ll.04 6529.839 1759.626 -2159.98
20.50 464.82 91.54 464.65 -12.45 8774.542 1711.446 -2028.38
20. O0 412.31 89.80 412.31 I. 46 9337. 557 2167. 280 -3086.90
19.50 376.83 88.52 376.70 9.74 9282.037 2341.569 -2976.25
19.00 357.26 87.79 356.99 13.80 8143.571 2412.745 -2089.91
18.50 342.47 87.76 342.21 13.41 7156. 485 2280. 957 -2542.66
18. O0 328.68 87.44 328.15 14.88 6552. 400 2296. 314 -2392.16
17.50 315.11 87.68 314.85 12.73 5720. 797 2012.192 -1964.18
17. O0 308. i0 87.95 307.90 11. O0 5438.109 1939. 306 -1792.37
16.75 302.80 87.99 302.61 10.61 5031. 649 1894.254 -1620.49
16.50 299.45 87.82 299.23 11.38 4677. 565 1724.155 -1419.77
16.25 298.18 88.30 298.05 8.84 456_. 933 1603. 462 -1262.32
16. OO 296.28 88.96 296.23 5.36 4656. 351 1560. 909 -1308.31

8isher order mom_ data, • - 40.0 ._.

• s0_i 8110 i000 1111 _k0 _d ku0 hd

40. OO 2. 78656+O3 -2. 69806+O3 -3.00906+03 2. 77146+O3 -i. _8256+00 1.12596+00 5. 42656+00 4.2176g_)0
29. O0 - 3. 05226+03 i. 39916+04 5. 04916+O2 -1.01026+05 3. 08486-01 -I. 31536+00 1. 78166-01 1.02996+00
28. O0 -5. 6475E+03 1.57416+04 5. 68586+02 -1.2707_+05 I. 40166-01 -9. 05546-01 4. _850_+00 -4.3938_-01

27.00 -2.2949E+03 1.02936+04 4.25146+02 -6.27226+04 3.31516-01 -2.21166+0_ 8.80296-01 6.0398E+00
26.00 -2. 79566+03 1. 76656+04 3. 41956+02 -1.20586+05 i. 65286-01 -1.83896_)0 2. 36326+00 3.006_+00

25.00 1.52046+03 1.01916+04 -2.79676+03 -9.48396+04 -I.14726+00 -1.570_+00 9.7585E+(X) 4.147mr+00
24.50 2. 94436+03 7. 45756+03 -5. 8891_+03 -8.159_+04 - i. _656+O0 -i. 7635_O0 9. 52356+00 5.26126+00
24.00 7.82116+O4 -3.9038][+04 -I.L1146+05 -9.80576+0_ -4.2707_+00 -8.10536-01 2.70396+01 2.004_E+00
23.50 1.52936+05 -6.84166+04 -2,7849E+05 -9._16_4 -3.41586+00 -5.97296-01 1._894g+01 1.51_59+O0
23.OO 2. 3682Z+05 -7. 7289[+04 -6. 40156+05 -8.eO3(_+04 -3.08726+00 *6.19526-O1 1.0_AE+01 2.01409+00
22.50 2.96226+O5 -I.08246+05 -6. 49676+05 -7.86696+04 -2. 46006+O0 -3.85696-01 6.37966+00 1.181_J+00
22. OO 1. 78126+05 -6. 6396E+04 -5. 47046+05 7.59_+03 -2. 01256+00 1.17_)E-O1 4.2381_+00 2.S0226_0
21.50 1.50976+05 -6.04586+04 -4.8099E+05 1.56036+04 -1.73836+00 3,0_946-01 2.8360_+00 2.9779]_00
21.00 1.63676+05 -6.23446+04 -5.9533g+05 1.61916+04 -1.12826+00 2.19376-01 6.2070_-01 1.85636+00
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20.50 1. 2495E+05 -6.7392+04 - 4.8755Z.I-05 2.71.1.5E+06 -8.7437E-01 3.8297Z-01 -2.7690E-03 1. $24a+00
20.00 3. 4870E+04 -2.6981.E._O4 -2.2637E+O5 2.6174E+04 -2.5088Z-01 2.59491t-01 -9.6050go01 4.1J.85E-O1
19.50 -3. 9356t;+O4 2.7878g+O3 2. OeOOE+04 1.268/d_+04 2. 3349g-02 1.1194E-01 -8.820_r,-01 1.7675E-01
19.00 -7. _300]_+04 8.321`5E+03 1. 610flg+05 2.013`5E+O4 2.1919E-01 1. 699OE-01 -7.8683F,,-01 -1.9345][-01
18..50 -8.16881_'_O4 1.9015E._4 1.8971g+05 1.0973E+04 3.1335E-01 1.0073E-01 -5.2962£-01 -6.8673E-02
18.00 -9.5609E+O4 3.7144E._04 2.2273]_+05 -7.2389g+03 4.1993E-01 -6.5705Z-02 -2.7256E:-01 1.2905E-01
17.50 o1.0222Z+O5 _.187OE_O4 2.._94E+O`5 -1._725E+O_ `5.0598F,-01 -_..6314E-01 -1.0208E-01 9,4443E-02
17,00 -8.5101.1[+O4 4.3.26gE404 1.9546E+O5 ol.5036v-+04 4.8740g-01 -1.7604][-01 -9.4057g-02 -2.$280g-02
16.75 -9,286S£+04 5.1063]_+O4 1.g7_)g+O5 -2.3349E+04 $.5306E-O1 -2.8321t-01 1.8546E-01 5.7218g-01
16.50 - 7.16.53E+04 4.3243][_0_ 1.6464][+05 -2.0968E+04 S. 1464E-01 -2.e2891[-01 S. 6312E-02 4.7952][-01
16.25 -6.4395_;+04 4.031(;_404 1.5437][+0`5 -1.81223+04 4.99671_01 -2.8224E-01 1.1689K-01 `5.5_S)6E-01
16.00 -6.731_1r+04 4.$2.S_406 1.591_]_._05 -1.g?oM[+04 5.0082_01 -3.1958_-01 7,7204][°02 9.0249[-01
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Ref.: 3-6

Author: Kussoy and Horstman

Geometry: 3-D Fin
Mach number: 8.2

Data: p,,_,, ,qwa,, ,cr, flowfield pitot surveys

A detailed investigation of hypersonic sharp-fin interactions on a flat plate was

carried out by M. I. Kussoy, K. C. Horstman, and C. C. Horstman of NASA-Ames Research

Center (Refs. 3-6). Since a detailed data report (Ref. 3) has already been prepared on this
experiment, the present treatment will be brief. The data included in the file

KUSSOY3.DAT are exactly those given in Ref. 3 for sharp-fro interactions, plus some

additional data (notably skin friction) supplied by the experimenters after Ref. 3 was
published.

The data were obtained in the NASA-Ames 3.5-foot hypersonic wind tunnel, using

a fiat-plate model with a length of 220 cm. Natural transition occurred on this plate for all
test conditions. While no turbulence data are available to establish the condition of the

incoming boundary layer ahead of the interaction, a mean profile included in this dataset

shows typical law-of-the-wall behavior, albeit with a lower wake-strength parameter than
usual.

Fins of 5, 7.5, 10, 12.5, and 15 degree angle-of-attack were mounted on the fiat plate.

The fin leading-edge position was 176 cm aft of the plate leading-edge. The x,y,z coordinate
frame used to describe the measurements is indicated in the sketch below. Given this

information and the table of freestream properties in the data file, most of the measured

distributions are self-explanatory.

One feature of this experiment is redundant data, considered a desirable aspect of

benchmark experiments in Ref. 1. Similar heat transfer data are obtained by two different

techniques. Redundant pressure and heat transfer data are included in the data file to

establish the repeatability of the experiment.

220c d 
76_,_---_/

Users of these data should note that this

fin interaction involves a relatively-thicker
incoming boundary layer than the supersonic fin
interactions included elsewhere in this database.

The reason for this is the long fiat-plate run
required to naturally establish a turbulent

boundary-layer at Mach 8. Thus the present fin

is only 8 incoming-boundary-layer-thicknesses

long, compared to relative fin lengths 5 times

larger in the Penn Sta_e experiments at Mach 3

and 4. The net effect is that the present

interaction lies entirely within its turbulent

boundary-layer, while the supersonic interactions

just referred to extend far outside their respective

boundary-layers. The supersonic and Mach 8

cases are thus not directly comparable.
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Ref.: 14

Author: Kussoy and Horstman

Geometry: Crossing Oblique Shock Waves
Mach number: 8.3

Data: P,,_H, q,_H, flowfield pitot surveys

A detailed investigation of hypersonic crossing-shock interactions on a flat plate was

carried out by M. I. Kussoy, K. C. Horstman, and C. C. Horstman of NASA-Ames Research

Center (Refs. 14). Since a detailed data report (Ref. 14) has already been prepared on this

experiment, the present treatment will be brief.

The data included in the file KUSSOY4.DAT are exactly those given in Ref. 14.

These data were obtained in the NASA-Ames 3.5-foot hypersonic wind tunnel, using a fiat-

plate model with a length of 220 cm. Natural transition occurred on this plate for all test
conditions. While no turbulence data are available to establish the condition of the

incoming boundary layer ahead of the interaction, a mean profile included in this dataset

shows typical law-of-the-wall behavior, albeit with a lower wake-strength parameter than
usual.

Opposing pairs of fins, each having either 10 or 15 degree angles-of-attack were

mounted on the flat plate as shown in the sketch below. The x,y,z coordinate frame used
to describe the measurements is also indicated in the sketch. Given this information and

the table of freestream properties in the data file, most of the measured distributions are

self-explanatory.

As in the case of the Mach 8 single-fin interaction, Refs. 3-6, users of these data

should note that this crossing-shock interaction involves a relatively-thicker incoming

boundary layer than the supersonic crossing-shock interactions included elsewhere in this

database. The supersonic and Mach 8 cases are thus not directly comparable.
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Ref.: 10-11

Author: Lee and Settles

Geometry: 3-D Fin

Mach number: 3, 4

Data: c,

The Ph.D. research of Yeol Lee in the Penn State Gas Dynamics Laboratory involved

measuring the heat transfer distributions beneath several sharp-fin interactions. The test

conditions at Mach 3 and 4 and the fin angle-of-attack range were the same as those already

documented here and in Ref. 1 for the Penn State series of sharp-fin experiments, which

also includes surface pressures, surface flow directions, skin friction distributions, and

flowfield density profiles. The present heat transfer data, listed in the file LEE.DAT, are

thus supplementary data.

These heat transfer measurements required the development of a special heated-

model technique for steady-state heat transfer in an otherwise near-adiabatic wind tunnel.

The technique is discussed at length in Refs. 10 and 11. It was assumed, for simplicity of

the instrumentation layout, that the quasiconical-flow approximation is valid for sharp-fin

interactions (see, eg, Alvi and Settles, AIAA Journal, Vol. 30, Sept. 1992, pp. 2252-2258).

37 RTD heat transfer gages were thus arrayed in two adjacent circular arcs, centered at the

fin leading edge location, with radii of 86.4 and 91.4 mm. The fin leading edge was 22.16

cm aft of the flat plate leading edge. The lateral spacing of the gages was such that their

resolution was 2 degrees of the azimuthal interaction angle/3 over a/3 range of 6 to 78

degrees, the radii of the two gage rows was chosen to place them well outside the inception
zones of all interaction cases studied.

A special feature of this dataset is the fact that adiabatic wall temperatures were

actually measured rather than inferred, so the data are presented in terms of true heat

transfer coefficients rather than dimensional heating rates. For more detail on this issue,

please see Refs. 10 and 11.
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Ref.: 7-9
Author: Rodi and Dolling
Geometry: 3-D Fin
Mach number: 4.9
Data: p,,.,,,qw,a,surface-flow traces

In this experiment, a single sharp fin was used to generate an attached oblique shock
wave which interacted with an incoming turbulent boundary layer formed along a flat plate
test surface. The freestream Mach number was 4.90, the nominal total pressure was 315
psia (2.7 MPa) and the nominal total temperature was 760 degrees R (422 K). The
freestream Reynolds number was 11.7 x 106/ft. (38.4 x l&/m). The model was at ambient

temperature before each run. This combination of tunnel total temperature and model
temperature resulted in a cool wall condition with a wall temperature/recovery temperature
ratio of 0.8. Pitot pressure surveys were made of the incoming boundary layer just ahead
of the fin and are included in this dataset.

Mean surface heat transfer (using Schmidt-Boelter gages) and surface pressure data
(using pressure taps and a scani-valve) were measured on the test surface along spanwise
rows for a range of fin angle of attack. The kerosene-lampblack surface tracer technique
was used to visualize the distribution of the local shear stress direction. Data were collected

at six different fin angles of attack (6-, 8-, 10-, 12-, 14- and 16-degrees). Additional heat
transfer data were taken along conical rays from the virtual conical origin (VCO) for fin
angles of attack of 8- and 15-degrees. The investigator reported an error band of +/-8%
for the heat transfer data and +/-3% for the pressure data.

The X-dimension is the downstream direction measured from the fin leading edge.
The Y-dimension is the cross-stream direction measured from the fin leading edge, in the
spanwise direction towards the compression side of the fin. The Z-direction is the vertical
direction above the flat plate test surface.

Three different rotatable instrumentation "plugs" were used to make the present
measurements. The "plug" used for wall pressure measurements had four rows of taps which
were initially oriented in the spanwise (Y) direction (see diagram 1). The spanwise pressure
data for 6, 8, 10, 12, and 14 degree fin angles were taken on the two downstream tap rows

(rows 3 and 4 in diagram 1). Then, by rotating the instrumentation plug clockwise, the
pressure-tap rows were reoriented to better approximate conical cross-planes (see diagram
2). For 8 and 16-degree fin angles, the plug was rotated 15 and 30 degrees clockwise,
respectively, from its initial position. For these two fin angles, three rows of pressure data
(rows 2, 3, and 4) are tabulated for both spanwise and rotated orientations of the
instrumentation plug.
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Author: Settles,G. S.,et al

Geometry: 2-D Compression Comer
Mach number: 3

Data: p,,_, cf, mean flowfield pitot surveys

_.:.:.: ::::::::::::::::::::::::::::::::::::::::::::

Settles, G. S., Fitzpatrick, T. J. and Bogdonoff, S. M., "Detailed Study of Attached and
Separated Compression Comer Flowfields in High Reynolds Number Supersonic Flow,"

AIAA Journal, Vol. 17, No. 6, June 1979, pp. 579.

Settles, G.S., Gilbert, R.B. and Bogdonoff, S.M., "Data Compilation For Shock

Wave/Turbulent Boundary Layer Interaction Experiments On Two-Dimensional

Compression Corners," Princeton University Report 1489-MAE, Princeton Univ. 1980.

The data consist of both mean surveys of flow properties before and after two-

dimensional compression corners at Mach numbers in the vicinity of 2.9. Compression

corner angles of 8, 16, 20, and 24 degrees span the range from attached flow to large

boundary-layer separation. Two-dimensionality of the experiments was demonstrated by

studies of spanwise oil-flow patterns for all but the largest compression corner angle, where

significant 3-D perturbations were observed.

The mean data include surface pressure and skin friction distributions, as well as pitot

and static pressure distributions from which velocity and Mach number were deduced (the

total temperature distribution through these interactions was nearly constant). Note: the

fluctuating data corresponding to this mean dataset were presented in the file SMITS.DAT in

Refi 1 and remain unchanged. The present correction and re-tabulation covers only the mean-

flow data. It is given as file SETTLES2.DAT on the accompanying diskette.
All units in the tables are SI. The x-coordinate is defined in the streamwise direction

along the wind tunnel floor and compression corner surfaces. Thus locations upstream of

the corner have negative x-values and those downstream have positive values. The
compression corners were all located at 1.205 m downstream of the wind tunnel nozzle exit

with the exception of the 24 degree corner for hot-wire measurements only, which was

located 1.17 m downstream of the nozzle exit. The y-coordinate is measured upward from
the test surface with its origin at that surface. The origin of the z-coordinate is on the wind

tunnel centerline. It is taken positive to the left when looking downstream. See the

diagram of the flow configuration reproduced below.

Users are encouraged to consult the cited references for detailed discussions of the

data and their significance, which are beyond the present scope, as well as estimates of the

various errors and discrepancies which serve to set confidence limits upon the data.
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